Source scaling properties are studied for the intermediate-depth seismic nest in the Vrancea region, Romania, which has been the source of many destructive earthquakes. We investigate spectral and time-domain scaling properties using wide-band digital records from 16 earthquakes (3.7 ≤ M W ≤ 7.4). All processing variants (P or S waves, spectral or time domain, etc.) produce consistent results. The observed corner-frequency versus M W trend generally follows the constant-stress-drop model, with typical stress-drop values of 1-10 MPa. This kind of scaling, seen over the entire magnitude range analysed, is similar to that observed for shallow events. However, this trend seems to be violated for the largest earthquakes (M W > 6.5). They show a clear tendency for higher static stress drops than shallow events, and for magnitudes above 7, average stress drops exceeding 10 MPa may be expected. These results are of particular significance for seismic hazard studies, and specifically for the estimation of future strong motions.
I N T RO D U C T I O N
The Vrancea zone, located in Romania, at the sharp bend of the southeastern Carpathians ( Fig. 1) , is a well-defined seismic region in Europe with unique properties. The seismicity is concentrated in a confined, high-velocity, focal volume in the depth range 60-200 km. A relatively high seismic energy is persistently released (four shocks with magnitude greater than 7 during the past century) by a seismogenic process that is still far from being fully understood. At shallower levels (0-60 km), the seismicity is sporadic and weak (magnitude below 5.5), and seems to be decoupled from the seismic activity in the subcrustal lithospheric slab. The major intermediate shocks exhibit a quite stable reverse faulting focal mechanism with the rupture plane oriented in a NE-SW direction, parallel to the Carpathians arc.
Previous studies of the most recent strong intermediate-depth earthquakes (1940 November 10, M w = 7.7; 1977 March 4, M w = 7.4; 1986 August 30, M w = 7.1; May 30, M w = 6.9) based on teleseismic data have indicated static stress drop values around 10 MPa, and source durations in the range 3-10 s (for example, Räkers & Müller 1987; Monfret et al. 1990; Tavera 1991) . Similar values of stress drop were obtained from the aftershocks: 5.0 MPa for the 1986 shock (Trifu & Oncescu 1987) and 11 MPa for the 1990 shock (Trifu et al. 1992) . Enescu et al. (1979) computed a stress drop of 13.3 MPa for the 1940 Vrancea strong earthquake. Oncescu (1989) showed that the effective stress acting in the focal region of the 1986 shock is an order of magnitude higher than the static stress drop. He found that this M w = 7.1 event was rich in high-frequency energy, corresponding in this respect to a typical event of surface wave magnitude M S = 7.9. This may explain why very high accelerations were recorded at large hypocentral distances, even on hard rock.
The seismic source analysis performed for moderate Vrancea earthquakes (M w ∼ 5) suggested generally normal stress drop values as compared with shallow earthquakes of similar magnitude (Oncescu 1986; Radulian & Popa 1996; Rizescu 1998 ). However, a few studies indicate a tendency for higher stress drops (Oncescu et al. 1999; Popa & Radulian 2000) . Oncescu et al. (1999) , analysing local velocity waveforms, showed that the scaling of the corner frequency (or source duration) with seismic moment for moderate Vrancea earthquakes obeys a constant stress drop law.
However, none of these studies made a systematic analysis of the scaling properties of Vrancea earthquakes over the entire magnitude scale from small and moderate to large magnitudes.
The anomalies in scaling properties of the source spectrum may significantly modify the strong-motion parameters as compared with the 'average' case, and therefore are extremely important in seismic hazard studies. For a given magnitude and distance, an unusually high stress drop increases acceleration and velocity amplitudes and decreases the duration of shaking; the effect of a low stress drop is the opposite. As a result, the assumed values of stress drop may have a drastic effect on the seismic hazard assessment (e.g. Radulian et al. 2000) . Thus, it is of paramount importance to establish the specific source-spectral scaling for the Vrancea zone. The main goal of this paper is to analyse the scaling properties of the Vrancea intermediate-depth earthquakes and to determine whether the anomalous scaling suggested by the local short-period data is confirmed by the broad-band data recorded at local and global scale. To this end, we analyse a set of 93 broad-band records for 16 moderate and large Vrancea intermediate-depth earthquakes.
O B S E RVAT I O N A L D ATA
We consider broad-band waveforms recorded at teleseismic, regional and local distances for 16 intermediate depth Vrancea earthquakes that occurred between 1976 and 2000 (3.7 ≤ M W ≤ 7.4) ( Table 1) .
Data from the station GRF (Grafenberg, Germany), affiliated to the German Regional Seismic Network, with a long recording history and located at a relatively small epicentral distance (about 11
• ) has been pivotal for the success of this study. Data from the GEOFON station MLR (Muntele Rosu, Romania), operated jointly by the GeoForschungsZentrum Potsdam and the National Institute for Earth Physics, Bucharest, located practically in the epicentral zone of Vrancea earthquakes were also highly valuable. Additional data come from representative regional and teleseismic broad-band stations with a reasonable azimuthal coverage for Vrancea earthquakes. We selected stations situated inside continents to minimize storm/surf microseismic noise. The following broad-band stations (situated at epicentral distances given in parentheses) have also been used: TRI (9 • ), AQU (10
The waveforms were retrieved via the Internet through the IRIS Data Management Center in Seattle, USA and the GEOFON Data Center in Potsdam, Germany.
E S T I M AT I O N O F S O U RC E PA R A M E T E R S
For the events listed in Table 1 , all usable P-and S-wave records were processed to estimate the source parameters, in both the frequency and time domain. The observed velocity data were corrected for instrument response and converted to displacement time-series. The waveforms are plotted together with the theoretical phases and arrival times, based on the traveltimes calculated for the IASP91 Earth model using the Tau software (Buland & Chapman 1983) . (Oncescu et al. 1999) , where M w values are moment magnitudes from teleseismic observations for M w > 6.0 and moment magnitudes, or duration magnitudes from short-period recordings converted to the moment magnitude scale for M w < 6.0. The records of body waves were corrected for attenuation and geometrical spreading. Attenuation affects both the shape and the spectral properties of the P-and S-wave pulses, therefore, to correct for attenuation, we consider the attenuation operator with amplitude spectrum exp(−π f t * ), where f is the frequency and t * is the traveltime, divided by the quality factor. For the P wave, we assume that t * is in the range 0.6-1.0 s for teleseismic distances ( > 20 • ), and that it is 0.3 and 0.05 s for regional ( ∼ 10 • ) and local distances ( ∼ 0.5 • ), respectively.
For the S wave, the assumed t * value is between 2.4 and 4.0 s for teleseismic distances, and is 0.6 and 1.0 s for regional and local distances, respectively. The correction for attenuation is performed in the frequency domain. To calculate the corresponding phase correction that follows from the requirement of causality, a program module from Claerbout (1976) was used. The geometrical spreading coefficients, as given by the relation (Aki & Richards 1980 )
(where x and ξ are the position vectors of the station and focus, respectively, v(ξ ) is the seismic wave velocity at the focus, i x and i ξ are the incidence angle and take-off angle, respectively, is the epicentral distance and p is the ray parameter) were calculated using the SPHERAY software (available on the Internet at http://geoscope.ipgp.jussieu.fr) for an isotropic spherical earth model. The common 'ω −γ ' spectral model (Brune 1970; Hanks & Wyss 1972) , which yields the low-frequency spectral level, corner frequency f c and high-frequency spectral decay γ , was used to characterize the spectral shape. To determine these parameters from the data, an interactive procedure was programmed using the MATLAB software package. The sequence of operations was performed as follows: for each body-wave pulse, the signal and noise time windows were selected interactively. The noise window was selected before the P onset and was used for both P and S waves. Then, a 5 per cent cosine taper was applied and the displacement spectrum computed using a fast Fourier transform (FFT) algorithm. The signal was noise-corrected by subtracting the estimated noise contribution from the squared spectrum. The spectrum of the signal was inverse-filtered with the attenuation operator, corrected for the geometrical spreading factor and scaled to the seismic moment units. The zero-frequency level, the corner frequency and the slope of the high-frequency decay were determined interactively after visual inspection of the corrected spectrum. The first spectral parameter is an estimate of the seismic moment M 0 and is linked to the moment magnitude by the formulae (Kanamori 1977 )
The interactive mode allowed us to process records with low signal-to-noise ratio, including those with a 0.2-0.3 Hz microseismic spectral peak in the middle of the frequency band analysed. A few examples of the analysed waveforms with high and low signal-to-noise ratios are given in Fig. 2 . Signal and noise spectra are also plotted.
The spectral shape was estimated for all usable components and separately for P, p P, s P, S and sS phases, whenever they could be unequivocally identified. Our tests show that the spectra obtained when considering isolated single wave pulses or wave groups (containing P, p P and s P, for example) are consistent with each other, with respect to both corner frequency and spectral slope. The values obtained from the different components of motion also show good consistency. Therefore, the seismic moment, corner frequency and spectral slope for P and S waves have been estimated as averages of all the reliable values determined form the different phases and components of motion (Table 2) .
Pulse duration was estimated interactively in the time domain, after low-pass filtering with a cut-off frequency of 2-4 Hz (typical for the teleseismic case) using a fourth-order Butterworth filter to remove the high-frequency noise produced by the normalization with the attenuation operator. For the time-domain analysis, only isolated P and S phases have been considered, and the corresponding results are given in Table 2 . It is interesting to compare our results with previously published estimates of corner frequencies and source durations for Vrancea intermediate depth earthquakes. For larger events, Fuchs et al. (1979) estimated from the broad-band recordings of the 1977 event that the f c for S waves was 0.07 Hz, in agreement with our results. Estimates of the width of the source time function for the 1986 event determined from teleseismic recordings (4-6 s by Deschamps et al. 1986 ; 4-10 s by Monfret et al. 1990 ; 7 s by Tavera 1991) match our results well. The source duration derived by Oncescu (1989) for that event from strong ground motion data (4 s) is relatively small compared with ours. This result can be explained by the fact that only an asperity area, and not the whole source area, is 'seen' through the spectral window provided by an analogue accelerogram record. Tavera (1991) computed the source durations for the two shocks of 1990 May 30 and 31, inverting long-period P waves. His results (5 and 3 s, respectively) agree with our determinations. As for small to moderate Vrancea events, determination of the source parameters using local data (Oncescu 1986; Rizescu 1998; Radulian & Popa 1996) , yields values of f c similar to those that we obtained from the data of station MLR.
We also compared the M 0 and M W values that we determined from the zero-frequency spectral levels with the corresponding values given by the Romanian earthquake catalogue (Fig. 3) . Generally, agreement is quite acceptable, with no systematic bias. In our further analysis we prefer to use the moment magnitude (M W ) values from the regional catalogue, since we consider these estimates, based on all available data for each event, more reliable than our spectral estimates, based, in many cases, on data from a single station.
S C A L I N G R E L AT I O N S H I P S
We now seek to establish the relationship between f c and M W that defines the source scaling. The observed M W − f c relation is presented in Fig. 4 (for P waves) and Fig. 5 (for S waves) . Linear trends are also plotted that represent the characteristic constant-stress-drop average behaviour, following Brune (1970) .
For S waves:
where C S = 2.25 or 2.6 for a 1 or 10 MPa stress drop, respectively. This relationship was first established by Thatcher & Hanks (1973) as the average empirical trend for moderate-to-large shallow California earthquakes. Since these papers, significant progress has been made following Brune's spectral approach, and for practically all sets of moderate or moderate-to-large shallow earthquakes studied, eq. (3) holds at least approximately. However, values of average stress drop vary significantly, Mw -Romplus catalog covering the range 0.5-10 MPa. Part of this scatter reflects differences in processing and analysis procedures and part reflects natural variation between different data sets. To derive the analogue of eq. (3) for P waves, we assume the typical empirical value for the corner frequency ratio:
and obtain
where C P = 2.4 or 2.75 for a 1 or 10 MPa stress drop, respectively. The coefficient 0.5 in eqs (3) and (5) expresses the standard, constantstress-drop source scaling. Assuming this scaling, we approximate our data points with a linear relationship with a fixed slope value of −0.5, and an intercept value obtained from the best fit (dashed lines in Figs 4 and 5) . The corresponding values of the stress drops for P and S waves are 3.1 and 3.2 MPa, respectively. These values of stress drop are within the range usually observed for shallow earthquakes when Brune's approach is used. They are also close to the characteristic values for interplate earthquakes (Kanamori & Anderson 1975) . Though this result is evidently a good first approximation, some deviations are seen at the upper-magnitude end, and will be discussed later. Another salient feature of our data set is the unusually high dispersion of the estimates in the magnitude range from 5 to 5.5.
The time-domain estimates behave in a similar way. The 1/T versus M W relationships, plotted in Figs 6 (P wave) and 7 (S wave), are very close to the f c versus M W relationships of Figs 4 and 5. This consistency is also visible in the correlation between f c and source duration (Figs 8 and 9) . f c and the inverse of the source duration closely follow the line with slope 1, only slightly shifted towards smaller 1/T values. On average, f cP /(1/T P ) = 1.0 and f cS /(1/T S ) = 1.1.
Thus, to a first approximation the scaling of Vrancea intermediate depth earthquakes follows the general trend of shallow earthquakes. The ratio of the corner frequency values derived from P and S waves is close, on average, to 1.4, a typical value for shallow earthquakes. The relationship between the inverse pulse durations for P and S waves is similar. The variation in the values obtained from analysis in the frequency domain and in the time domain is comparable for P and S waves (Figs 4, 6 and 5, 7, respectively) . The good match between the results of frequency-and time-domain analyses adds additional weight to our general conclusions.
When viewed over the entire range of earthquake size (M W = 3.7-7.4), the observed f c versus M W trend generally agrees with the constant-stress-drop model (independent of magnitude). However, at the larger-magnitude end, this description seems to fail.
The largest events (M W > 6.5) show a clear tendency for stress drops that are larger than those for moderate-magnitude ones (or, for typical shallow events). larger peak velocity, acceleration values, response spectra and shorter durations. This conclusion, although based on two cases relying on the data of a single station (GRF), is well supported by independent studies of these same events.
The problem of the existence of a simple and theoretically plausible scaling law is a general one. Theoretical source models usually assume a constant stress drop and constant rupture velocity, resulting in a simple f c versus M W scaling, such as that described by eqs (3) and (5). However, natural earthquakes do not necessarily follow such simple assumptions. For example, for Mexican earthquakes (Singh et al. 1989) found that when strong-motion amplitudes are extrapolated from moderate to large earthquakes according to the constant-stress-drop model, the resulting estimates are in excess of those actually observed. The situation in the case of the Romanian earthquakes seems to be the opposite: extrapolation from moderate earthquakes would underestimate the strong-motion amplitudes of the largest events somewhat. In such a situation, using empirical rather than 'theoretically based' scaling for strong-motion estimates will probably lead to more reliable results. One such case is the study of Moldoveanu & Panza (1999) who, using a kind of empirical source scaling, successfully modelled the main characteristics of the accelerogram recorded in Bucharest from the strong 1990 earthquake (M W = 6.9).
Reviewing the observed data we find some peculiarities. In some cases, the S waveform at the GRF station is one-sided, whereas the P waveform of the same event is of a comparable duration but two-sided (approximately doubling the value of f c ), as seen in the example in the Fig. 2(b) . This fact might be explained by a difference between the propagation mode of P and S waves, ∼11
• along this particular path, with a single branch for the S wave and multiple branches for the P wave. These hypothetical path effects might also be responsible for the previously mentioned large data variation in the 5.0-5.5 mag interval. This variation is mainly caused by anomalously low f c and 1/T values obtained only at Grafenberg station. This station is the only one that provides observations for a wide magnitude range, including the largest magnitudes, and thus its use for our study is crucial. For this reason, we decided to consider the GRF data, although they may be contaminated, at least in part, by path effects. One can ask why we ascribe the observed spectral anomalies in the range M = 5-5.5, with seemingly excessively low corner frequencies, to path effects and yet do not ascribe the anomalies at M > 6.5 to path effects in a similar way. Instead we explain the latter as a source effect. The answer is that these two groups of anomalies are of different sign. Almost any path effect broadens the pulse (attenuation, forward scattering, multiple branches). We have been unable to identify a mechanism that shortens the pulse, and specifically in the case when we see a unipolar pulse, as we do. For one out of the three events with M > 7, we have data from four stations in addition to GRF and they generally support the anomalous behaviour observed at GRF. Indeed, it can be seen that for the most reliable P-wave pulses, logarithmic mean stress drop is above 10 MPa both for frequency-and time-domain processing.
The distributions of the estimated P-and S-wave spectral slopes as functions of magnitude are plotted in Figs 10 and 11, respectively. The γ values for S waves are in the range 1.8-2.0, while the γ values for P waves are generally larger, with a tendency to increase with increasing earthquake size. This tendency, not clearly defined, does not appear to be an artefact of the approximations in our procedure, and deserves some discussion.
The numerical values of our γ estimates are in fact open to question because: (1) true t * values for the actual paths are unknown and (2) we assume that t * is frequency-independent and this assumption is probably too simple. The first factor is magnitude-independent and cannot account for the dependence of γ on magnitude, whereas the second factor might provide an explanation. Indeed, our analysis suggests that the true teleseismic t * may decrease significantly between 1 and 6 Hz, reaching values as low as 0.1-0.2 s at 5-6 Hz. In that case, our correction for attenuation is biased and our γ estimates are based on somewhat biased, excessively gradually sloping spectra. The magnitude of this bias depends on the actual frequency band in which the data are analysed and that, in turn, depends on the signal-to-noise ratio. For the largest magnitudes, the usable frequency band is the widest, so the bias is the largest as well, leading to an underestimate of γ . Therefore, if we ignore the frequency dependence of t * , we introduce an artificial decrease of the γ estimates with increasing magnitude. The actual tendency is the opposite. This may indicate that the increase with increasing magnitude of the value of γ for the P-wave spectra is a genuine phenomenon. The lack of a similar tendency for S waves is not particularly relevant because the S-wave spectra of the larger events are teleseismic and are therefore of relatively lower reliability.
C O N C L U S I O N S
The scaling relations for the Vrancea subcrustal earthquakes have been analysed using both frequency-and time-domain measurements from broad-band recordings. The data set consists of 16 events that occurred between 1976 and 2000 (3.7 ≤ M W ≤ 7.4), recorded by ten stations spanning the epicentral distance range from 0.5
• to 90
• . Scaling relations derived from the two kinds of measurements (frequency and time domain) are well correlated over the entire magnitude interval considered, and the inverse of the pulse duration is a good estimate of the corner frequency. The ratio of the corner frequency values, as well as the ratio of the inverse pulse duration values, deduced from P and S waves, is close to 1.4 (a typical value for crustal events). To a first approximation, the earthquake size scaling with corner frequency or source duration follows the general trend observed for shallow earthquakes. For the entire magnitude range (M W between 3.7 and 7.4) our data distribution is generally reasonably approximated by a linear dependence with slope 0.5, typical of crustal earthquakes.
For the largest magnitude range (M W > 6.5) however, we see evidence of a deviation of the source scaling from constant-stress-drop behaviour, and this deviation is towards larger stress drops. This result is based on a limited data volume, but it is supported by a number of previous studies. This scaling feature may have significant consequences for the estimation of seismic hazard, related to Vrancea intermediatedepth earthquakes. It may mean that the empirical scaling of strong-motion parameters may in certain cases be closer to reality than the 'theoretically based' ones that use physically sound but, in fact, overly simplistic assumptions. The applicability of a simple scaling is further questioned by some indication that the spectral slope increases with increasing magnitude. Unfortunately, these very important results should be considered as just preliminary because of the limited volume of the available data set.
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